Introduction
Over the past decade, we have noted several circumstances in which glomerular filtration in early diabetes was inordinately influenced by feedback from the proximal tubule and have proposed this as a general tubulocentric principle for the control of GFR in early diabetes [reviewed in ref . 1 ] . One example is glomerular hyperfiltration, which is a cardinal feature of early diabetes mellitus and may predispose to the eventual development of diabetic nephropathy [2, 3] . The underlying mechanism(s) of diabetic hyperfiltration include(s) a primary increase in proximal reabsorption, which reduces delivery of NaCl to the macula densa [4, 5] . The macula densa senses this decline in salt delivery as an error signal and elicits an increase in glomerular filtration rate (GFR), which offsets a portion of the original error signal through negative tubuloglomerular feedback (TGF). The tubulocentric principle explains diabetic hyperfiltration in the rat because no other explanation can be given for the residual decrease in macula densa NaCl, which is consistently observed in hyperfiltering diabetic rats [4] [5] [6] . Tubular control of GFR has also been demonstrated in dogs where acute hyperglycemia causes GFR to increase, but only if TGF is intact [7] . Finally, evidence for a primary hyperreabsorption upstream of the macula densa and a potential role in glomerular hyperfiltration was also proposed in diabetic patients [8] [9] [10] . The primary increase in proximal reabsorption appears to originate with increased Na + /glucose cotransport, which is driven by excess glucose in the glomerular filtrate; rapid growth of the early diabetic proximal tubule also contributes to hyperreabsorption [4, 5] . The chain of events responsible for this growth remains obscure.
Another success of the tubulocentric principle is in explaining the so-called salt paradox of early diabetes. In normal subjects, GFR is either insensitive to dietary NaCl or changes in the same direction as dietary NaCl [11] [12] [13] . But in early diabetes, changing the dietary NaCl causes GFR to change in the opposite direction. Since this response is at odds with NaCl homeostasis, it is referred to as the salt paradox . The salt paradox was first demonstrated in diabetic rats [14, 15] , and was later confirmed in young type I diabetic patients who responded to a lowsalt diet with renal vasodilation and a rise in GFR [16] . We previously surmised by deduction and confirmed by experimentation that the salt paradox occurs because proximal reabsorption in early diabetes is inordinately sensitive to suppression by dietary salt [11] . Hence, an increase in dietary salt suppresses proximal reabsorption to the extent that TGF becomes activated and GFR declines. The opposite series of events follows a decrease in dietary salt. The unique feature of diabetes is that the effect of salt on the proximal tubule is strong enough to override the effect on GFR of other systems that might compete with it [reviewed in ref. 1, 17 ] .
The tubulocentric principle invokes signaling from the macula densa to the glomerular microvessels by a mechanism that certainly resembles traditional TGF and papers on the tubulocentric principle invoke the term 'TGF' to explain it. However, it remains to be determined whether the mechanism of traditional TGF is also the mechanism for maintaining diabetic hyperfiltration or mediating the diabetic salt paradox. For present purposes, we define traditional TGF as control of the single nephron GFR that occurs from minute-to-minute and is mediated through adenosine A 1 receptors (A 1 Rs) on the afferent arteriole [18] . Traditional TGF is known to operate from minute to minute because of the way it is normally studied, in microperfusion experiments lasting 1-5 min. But it is careless to assume that, because A 1 Rs mediate the immediate TGF response, they also account for the tonic influence over GFR that the tubule must exert for days or weeks at a time in order to account for diabetic hyperfiltration or the salt paradox. Furthermore, adenosine is not the only vasoactive moiety regulated by changes in macula densa salt. The macula densa responds to NaCl by also releasing ATP, making nitric oxide, suppressing renin, and making less prostaglandin.
Being confident in the tubulocentric principle, but not that traditional TGF accounts for it, we undertook to examine the role of A 1 R signaling in the early diabetic glomerulus vis-à-vis both hyperfiltration and the salt paradox. To this end, we induced the low-dose streptozotocin (STZ) diabetes model described by the Animal Model of Diabetic Complications Consortium [19] in mice lacking A 1 R (A 1 R-/-), which also lack an immediate TGF response [20] [21] [22] . In the absence of TGF, the diabetes-induced changes in proximal reabsorption should not lead to the TGF-mediated responses in GFR. Thus, the main hypothesis was that neither hyperfiltration nor a salt paradox would occur in mice lacking A 1 Rs.
Methods

Animals
All animal experimentation was conducted in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, Md., USA) and was approved by the local Institutional Animal Care and Use Committee. Only male mice were used in the outlined experiments. Mice were housed in a 12-hour:12-hour light-dark cycle in standard rodent cages with free access to standard rodent chow (Harlan Teklad, 1% NaCl, Madison, Wisc., USA) and tap water. A 1 R-/-and WT littermates were from a subcolony of the original strain generated by Sun et al. [20] that is kept at the VA San Diego Healthcare System [23] [24] [25] . Mice have been reproduced by heterozygous crossing, and the genetic background of the animals was a mix of 129Sv/J and C57BL/6.
Induction of Diabetes
Mice were made diabetic using the protocol recommended by the Animal Model of Diabetic Complications Consortium ( http:// www.amdcc.org/shared/showProtocol.aspx?id = 19) [19] . Briefly, mice were injected with STZ (50 mg/kg i.p.) on 5 consecutive days. Nondiabetic control mice received vehicle injections (Na + citrate buffer with pH adjusted to 4.5). Three weeks after the last injection, blood glucose was measured by tail nick and only mice with levels greater than 300 mg/dl were included in further studies. Subsequently, daily food and fluid intake was determined over 3 days while the mice were maintained in their regular cages. 
Measurement of GFR in Awake Mice
Four weeks after STZ or placebo, GFR measurements were performed in conscious mice using the plasma kinetics of FITCinulin following a single-dose intravenous injection as described by Qi et al. [26] . Briefly, FITC-inulin (5% in 0.85% NaCl) was dialyzed for 24 h against 0.85% NaCl (resulting in a 2.5-3% solution, which also served to establish the standard curve). The dialyzed FITC-inulin solution was sterile filtered and injected into the retro-orbital plexus (2 l/g/body weight) during brief isoflurane anesthesia. At 3, 7, 10, 15, 20, 40, and 60 min after injection, blood was collected from the end of the tail into an Na + -heparinized 10-l microcap (Hirschmann Laborgeräte, Germany). After centrifugation, 1 l of plasma was diluted 1: 10 in 0.5 mol/l HEPES (pH 7.4) and fluorescence determined in 2-l samples using a Nanodrop ND-3300 fluorospectrometer (Nanodrop Technologies, Wilmington, Del., USA). GFR was calculated using a two-compartment model of two-phase exponential decay (GraphPad Prism, San Diego, Calif., USA).
Low-and High-Salt Diet
Three-five days after initial assessment of GFR (see above), the mice were randomly assigned to either a low-salt diet (Harlan Teklad, 0.1% NaCl) or a high-salt diet (Harlan Teklad, 4% NaCl). Diets were otherwise identical in composition to the standard chow. Food and fluid intake was determined daily while the mice were maintained in their regular cages. After 7 days on the new diet, GFR measurements were repeated as described above. Three days later, the mice were anesthetized with isoflurane; blood was taken by puncturing the retro-orbital plexus, and a urine specimen was obtained by puncturing the bladder. The kidneys were removed to determine kidney weight.
Blood and Urine Analysis
Blood glucose was determined using the Ascensia Elite XL glucometer (Bayer Corporation, Mishawaka, Ind., USA). Plasma and urine Na + and K + were measured using a flame photometer (ELEX 6361, Eppendorf, Hamburg, Germany). Plasma aldosterone was determined by radioimmunoassay (Diagnostic Systems Laboratories, Webster, Tex., USA). Concentrations of albumin and creatinine in urine were measured using commercial assays (Exocell, Philadelphia, Pa., USA, and Thermo Fisher Scientific, Waltham, Mass., USA).
Statistical Analysis
Data are expressed as means 8 SEM. Statistical analysis was by analysis of variance (ANOVA), repeated-measures ANOVA, or analysis of covariance (ANCOVA) using proprietary software (Systat Inc.). Post-hoc intergroup comparisons were adjusted for multiple comparisons by Tukey or Bonferroni methods. p ! 0.05 has been considered statistically significant.
Results
Diabetic Hyperfiltration Is Blunted in A 1 R-/-Mice
A 1 R-/-and littermate WT diabetic mice were well matched for blood glucose levels, food and fluid intake, and for a modest reduction in body weight when compared with nondiabetic control mice ( fig. 1 ) . GFR was not different between nondiabetic WT and A 1 R-/-mice (240 8 7 vs. 242 8 15 l/min; n = 10/group). GFR was significantly higher in WT diabetic mice than in WT nondiabetics (297 8 15 vs. 240 8 7 l/min, n = 10/group, p ! 0.005). Among A 1 R-/-, however, diabetes was not associated with higher GFR (258 8 11 vs. 242 8 15 l/ min, n = 10-12/group). In other words, A 1 R-/-differed from WT mice in that WT mice manifested diabetic hyperfiltration whereas A 1 R-/-did not (p = 0.05 for ANCOVA cross-term with body weight as a covariate) ( fig. 1 ). In accordance, GFR of diabetic WT mice was significantly greater compared to diabetic A 1 R-/-mice in absolute terms (p ! 0.05) and when controlled for body weight [11.5 8 0.6 vs. 9.5 8 0.4 l/(min ؒ g body weight), p ! 0.01] ( fig. 1 ).
Response to Varying NaCl Intake in Nondiabetic Mice
Switching to a low-or high-NaCl diet resulted in similar reductions and increases in NaCl intake in nondiabetic WT and A 1 R-/-mice ( fig. 2 , left panels). Fluid intake was greater in mice on high compared with low NaCl intake. Among nondiabetics, A 1 R-/-drank slightly more than WT littermates, irrespective of dietary salt content ( fig. 1 , 2 , left panels). Body weight was not measurably sensitive to changes in NaCl intake in either WT or A 1 R-/-mice. Nor were hematocrit or plasma concentrations of Na + or K + affected by genotype or dietary salt intake ( table 1 ) . As expected, mice on the low-NaCl diet had significantly greater plasma aldosterone concentrations compared to mice on the high-NaCl diet ( fig. 2 , left panels).
In nondiabetic WT mice, switching from control to low NaCl intake did not alter GFR, but changing to a high NaCl intake significantly increased GFR (p ! 0.05, paired comparison) ( fig. 3 , left panels) . In non-diabetic A 1 R-/-mice an overall similar response was observed, although the increase in GFR in response to switching from control to high NaCl intake did not reach statistical significance (p = 0.09, paired comparison). Kidney weight was not significantly different between low and high NaCl intake and was unaffected by genotype ( fig. 3 , left panels) . Neither urinary glucose/creatinine nor urinary albumin/ creatinine ratios were significantly affected by genotype or NaCl intake ( table 1 ).
The Salt Paradox of GFR Is Blunted in STZ-Diabetic
A 1 R-/-Mice STZ-diabetic WT and A 1 R-/-mice were well matched for NaCl intake in the respective diets ( fig. 2 , right pan-p33 els). Fluid intake was not different between genotypes and tended to be greater in mice on high-NaCl diet ( fig. 2 , right panels). In comparison, a previous study reported that STZ-diabetic but not control rats responded to a lowNaCl diet with a pronounced increase in urine flow rate [14] . Further studies are necessary to explain these different responses. Notably, the present study used diets that only differed in NaCl content and were otherwise identical in composition, whereas the control and low-NaCl diets used in the previous study were not identical. Thus, it is possible that differences in the basic diet composition caused this previous phenomenon.
Mice on a low-NaCl diet tended to have greater plasma aldosterone concentrations compared with mice on a high-NaCl diet but in the STZ-diabetic mice of both genotypes this did not reach statistical significance ( fig. 2 , right panels). Body weights were not significantly altered by changes in NaCl intake in both STZ-diabetic WT and A 1 R-/-mice ( fig. 2 , right panels) . Likewise, hematocrit and plasma concentrations of glucose, Na + and K + were not different between mice on low compared with high NaCl intake ( table 1 ).
In STZ-diabetic WT mice, switching from a control to a low-salt diet caused GFR to increase and changing to a high-salt diet caused GFR to decrease ( fig. 3 , right panels). Hence, these WT mice exhibited the same diabetic salt paradox as previously described in rats and humans [11, [14] [15] [16] 27] . Moreover, kidney weight was greater in STZ-diabetic WT mice on low compared with high NaCl intake, consistent with previous studies in the STZ-diabetic rat [11, 14] . In contrast, the salt paradox of GFR was not apparent in STZ-diabetic A 1 R-/-mice, and kidney weight was not significantly greater in mice on the lowversus high-NaCl diet ( fig. 3 , right panels) .
The urinary glucose/creatinine ratios were not significantly different between genotypes or between low and high NaCl intake ( table 1 ), arguing against major differences in renal glucose reabsorption. Likewise, the urinary albumin/creatinine ratios were not significantly different between low and high NaCl intake ( table 1 ) . Pooling the data per genotype, however, revealed that the urinary albumin/creatinine ratio was significantly lower in STZ-diabetic A 1 R-/-compared with WT mice (0.77 8 0.12 vs. 1.54 8 0.24 g/mg; n = 10-12; p = 0.006). Plasma aldosterone concentrations and changes in salt and fluid intake and body weight in WT and A 1 R-/-mice in response to low and high NaCl intake. WT and littermate A 1 R-/-mice were switched from a control NaCl diet (1% NaCl) to a low-(0.1% NaCl) or high-(4%) NaCl diet at about 5 weeks after STZ or vehicle injection. The absence of A 1 Rs did not affect salt intake or the ability to maintain body weight in response to low or high NaCl intake. n = 5-6/group. a p ! 0.05 vs. low NaCl; b p ! 0.05 vs. WT on same diet. 
Discussion
In the present studies, diabetic mice lacking A 1 Rs differed from their WT littermates in that they manifested blunted glomerular hyperfiltration. The most straightforward interpretation of these findings is that proximal hyperreabsorption in diabetes alters the TGF/ A 1 R-mediated afferent arteriolar tone, thereby increasing GFR. In the absence of TGF/A 1 R such a response is missing. The studies were not designed to address the influence of A 1 R on clinically relevant long-term alterations in kidney function and morphology (fibrosis).
However, the present study shows another relevant consequence of lacking TGF/ A 1 Rs in diabetes, namely the absence of the salt paradox, which we proposed is based on hyperresponsiveness of proximal tubular reabsorption that affects GFR through TGF [1, 11, 17] . The present finding is mortar for the tubulocentric construct al- NaCl in diet (%) NaCl in diet (%) NaCl in diet (%) Fig. 3 . The NaCl paradox of the diabetic kidney is present in WT mice but absent in A 1 R-/-mice. Paired GFR measurements were performed in awake WT and littermate A 1 R-/-mice under the control NaCl diet (1% NaCl, single measurements are shown from the experiments summarized in fig. 1 ) and after 1 week of low (0.1% NaCl) or high (4%) NaCl intake. Measurements on the 1% NaCl diet were taken at 4 weeks after STZ or vehicle injection. One week later, the mice were switched to a low-or high-NaCl diet. In STZ-diabetic WT mice, switching from control to low or high NaCl intake induced significantly different and opposing responses in GFR, i.e. a rise in response to low NaCl and a fall in response to high NaCl intake. Moreover, the kidney weight was greater in STZ-diabetic WT mice on low versus high NaCl intake. In STZ-diabetic A 1 R-/-mice, the NaCl paradox of GFR and the greater kidney weight in mice on the low-NaCl diet were not detectable. n = 5-6/group. * p ! 0.05. though the construct would not have collapsed without it since its basic validity rests on error signals in macula densa salt concentration [4] [5] [6] that are in the wrong direction to be explained by a primary problem with the afferent arteriole, notwithstanding that several defects in vasoactivity have been ascribed to the diabetic afferent arteriole.
But even those who are anxious to incorporate traditional TGF into the tubulocentric principle should recognize problems with this straightforward interpretation. To begin with, this interpretation implies that diabetic hyperfiltration must disappear when singlenephron GFR (SNGFR) is compared between diabetic and nondiabetic nephrons while flow past the macula densa is eliminated. Since diabetic hyperfiltration is easily demonstrated by measuring SNGFR from the late proximal tubule, this certainly does not happen. The explanation is TGF resetting. The juxtaglomerular apparatus of each nephron has a capacity to adjust its own TGF response and tends to invoke this capacity to align the steep portion of its TGF curve with the ambient tubular flow. A primary diabetes-induced increase in NaCl reabsorption upstream of the macula densa is expected to lower the NaCl concentration at the macula densa, increase GFR and shift the operating point to the flatter part of the TGF curve. This would reduce TGF efficiency. In order to operate at a maximum TGF efficiency, the TGF curve is expected to reset such that the operating point is restored to the steepest part of the TGF curve [28] . In accordance, the entire TGF curve in diabetes resets leftward and upward [6] , and the greatest TGF efficiency resides at the ambient operating point [6] . As a consequence, the SNGFR values for minimal TGF signals at the macula densa, which are achieved when SNGFR is determined from proximal tubular collection, are enhanced in STZ diabetic compared with control rats [5, 6] .
The tubulocentric principle invokes feedback from the tubule as the dominant controller of GFR in early diabetes, but does not require feedback to be the only controller. The theory still allows for additional primary defects in afferent arteriolar vasoconstriction and predicts such defects will be unmasked when feedback from the tubule is eliminated. In such a case, some degree of hyperfiltration would persist in the absence of A 1 Rs while the macula densa salt would convert from subnormal to supranormal. While distal salt delivery has not been measured in A 1 R-/-diabetic mice and A 1 R-/-diabetic mice did not hyperfilter in our hands, two other studies have reported hyperfiltration in A 1 R-/-diabetic mice [29, 30] . However, in one study the nondiabetic A 1 R-/-but not the alloxan-diabetic A 1 R-/-mice were hypotensive compared with their WT controls during measurements of GFR [29] . This is in contrast to two previous reports on the same mouse strain, which concluded that blood pressure under isoflurane anesthesia as well as in conscious mice is higher in A 1 R-/-compared with WT control mice [21, 31] . As a consequence, the higher GFR in normotensive alloxan-diabetic A 1 R-/-may have been the reflection of impaired renal autoregulation, which is a known trait of the TGF-less mouse [32] . The other study used Akita diabetic A 1 R-/-mice, which have blood glucose levels of 600-900 mg/dl, and are thus severely hyperglycemic [30] . In this model, the resulting excessive glucose load to the proximal tubule may inhibit proximal reabsorption [33] , in contrast to the primary increase in proximal tubular reabsorption with modest hyperglycemia [4, 5] . As a consequence, TGF activation may serve to limit glomerular hyperfiltration during severe hyperglycemia. Especially under pathophysiological conditions, adenosine derived from sources outside of the juxtaglomerular apparatus can in addition activate renal vascular A 1 Rs and thus influence GFR independent of the TGF mechanism [for a review, see ref. 34 ]. It is thus also possible that knockdown of A 1 Rs in the severely diabetic Akita animals induced renal vasodilation independent of TGF. Or in other words, the diabetes model and severity may determine the A 1 R-dependent contribution of primary vascular and TGF influences on GFR, and thus determine the net response to A 1 R blockade or knockout. The present data indicate that intact A 1 Rs and TGF are essential to glomerular hyperfiltration under conditions of modest hyperglycemia.
A 1 R antagonists have been reported to affect cardiorenal interactions and are currently under clinical development in patients with decompensated heart failure to enhance salt excretion while increasing or preserving GFR [35] [36] [37] [38] . One might predict that A 1 R antagonists also increase or preserve GFR in the subgroup of diabetic patients with decompensated heart failure, since TGF resetting in diabetes restores the vasoconstrictor influence of A 1 R/TGF. In comparison, compounds like dipyridamole, which inhibit cellular adenosine uptake and increase renal interstitial adenosine concentrations, thereby mimicking normal or enhanced NaCl concentrations at the macula densa, reduce glomerular hyperfiltration in STZdiabetic rats [39] . Further studies are necessary to better understand the influence of A 1 R on the acute and chronic control of GFR in diabetic patients.
In summary, the glomerular hyperfiltration observed in the low-dose STZ-induced diabetes model in WT mice is blunted in the absence of A 1 Rs. Moreover, the salt paradox of GFR, i.e. the inverse relationship between NaCl intake and GFR, is present in this diabetes model in WT mice, but absent in mice lacking A 1 R. The results indicate the importance of A 1 Rs for GFR control in early diabetes, which is consistent with the tubulocentric principle.
